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ABSTRACT
Follicular thyroid carcinoma is generally associated with a favorable prognosis; however, a subset of follicular thyroid carcinoma 
shows poor prognosis and frequent distant metastases, and this subset is referred to as high-risk follicular thyroid carcinoma. 
Difficulty in distinguishing high-risk from low-risk follicular thyroid carcinoma based on current diagnostic approaches leads 
to the overtreatment of patients with indolent disease. Therefore, the identification of novel biomarkers capable of reliably distin-
guishing high-risk follicular thyroid carcinoma is essential for accurate risk stratification. Such biomarkers may serve as thera-
peutic targets for metastatic follicular thyroid carcinoma. This study aimed to identify novel prognostic markers and therapeutic 
targets for high-risk follicular thyroid carcinoma. In this study, we conducted bulk ribonucleic acid sequencing of high-risk 
follicular thyroid carcinoma, including widely invasive subtypes and metastatic tumors, and we identified carbonic anhydrase 
12 as a candidate biomarker. Immunohistochemical analysis revealed significantly higher carbonic anhydrase 12 expression in 
follicular thyroid carcinoma than in benign follicular adenomas, particularly in widely invasive and encapsulated angioinvasive 
subtypes. High carbonic anhydrase 12 expression was an independent predictor of poor disease-free survival, surpassing conven-
tional clinicopathological parameters. Functional assays showed that carbonic anhydrase 12 promoted follicular thyroid carci-
noma proliferation, invasion, and migration partly by regulating matrix metalloproteinase 2 expression. Furthermore, carbonic 
anhydrase 12 inhibitor U104 suppressed follicular thyroid carcinoma cell growth in a dose-dependent manner, and its combina-
tion with lenvatinib exerted synergistic antiproliferative effects. Collectively, these findings identified carbonic anhydrase 12 as 
a novel prognostic biomarker of follicular thyroid carcinoma and a promising therapeutic target.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.
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1   |   Introduction

Thyroid carcinoma is the most common endocrine malig-
nancy, with its incidence steadily increasing, becoming the 
ninth most commonly diagnosed carcinoma worldwide [1]. 
Follicular thyroid carcinoma (FTC) is the second most com-
mon histological subtype of thyroid carcinoma, with a prev-
alence of 5%–10% after papillary thyroid carcinoma (PTC) 
[1, 2]. FTC can be distinguished from benign follicular ade-
noma (FA) based on the presence of capsular invasion, vascu-
lar invasion, or distant metastasis. The WHO Classification 
categorizes FTC into three subtypes based on the invasive 
pattern: minimally invasive (MI), encapsulated angioinvasive 
(EA), and widely invasive (WI) subtypes [2, 3]. Although PTC 
primarily metastasizes to the regional lymph nodes, FTC ex-
hibits a higher propensity for distant metastasis. FTC is gen-
erally associated with a favorable prognosis; however, several 
cases demonstrate frequent metastases and poorer outcomes 
[4]. Clinicopathological risk factors, such as age [5, 6], sex 
[7, 8], tumor size [9], postoperative histopathological type 
[9, 10], and Ki67 staining [11], are reportedly linked to poor 
prognosis. In particular, the postoperative histopathological 
subtype is emphasized in the current treatment guidelines. 
However, accurately identifying patients at risk of poor prog-
nosis remains difficult, leading to excessive operations and 
overtreatment of low-risk patients with indolent disease [12]. 
Therefore, novel prognostic biomarkers are urgently needed 
to accurately stratify patients, guide more aggressive therapy 
for high-risk cases, and prevent overtreatment of low-risk 
cases. Furthermore, identifying therapeutic targets that pre-
vent metastasis and inhibit tumor cell growth is crucial. Such 
biomarkers of high-risk FTC may also serve as potential ther-
apeutic targets. This study aimed to identify novel prognostic 
markers and therapeutic targets for high-risk FTC.

We enrolled FTCs with metastatic or WI subtypes as high-
risk and performed bulk RNA sequencing (RNA-seq) on  
such cases. We identified carbonic anhydrase 12 (CA12), a 
member of a superfamily of metalloenzymes that catalyzes 
the conversion of CO2 to bicarbonate and protons [13], as a 
prognostic biomarker and potential therapeutic target for 
high-risk FTC.

2   |   Material and Methods

2.1   |   Patients

Bulk RNA-seq was done on 8 cases of high-risk FTC showing 
distant metastases or WI subtypes surgically resected at The 
University of Osaka Hospital or Yamashita Thyroid Hospital. 
The details of these 8 cases are summarized in Table S1. In ad-
dition, we immunohistochemically studied 75 cases of thyroid 
follicular tumors surgically resected at Kuma Thyroid Hospital 
between 2008 and 2012, which included 25 cases of FA and 50 
cases of FTC (25 MI, 7 EA and 18 WI subtypes). The details of 
these 8 cases are summarized in Table  S2. This research was 
approved by the Ethics Review Board of the Graduate School of 
Medicine, The University of Osaka (No. 849).

2.2   |   RNA Sequencing Analysis of FFPE Samples

Formalin-fixed paraffin-embedded (FFPE) sections (10 μm) 
were cut, and tumor cells and the adjacent normal tissues were 
subjected to RNA-seq analysis. Total RNA was extracted using 
the miRNeasy FFPE Kit (Qiagen, Hilden, Germany) in accor-
dance with the manufacturer's protocol. NGS library prepara-
tion was performed using the SMARTer Stranded Total RNA 
Sample Prep Kit-Pico Input Mammalian (Clontech, TaKaRa) 
according to the manufacturer's instructions. Sequencing was 
performed on an Illumina NovaSeq 6000 platform in 151-base 
paired-end mode. Before mapping to the genome, the adapter se-
quences were removed with the trimmomatic software version 
0.39. Sequenced reads were mapped to the human reference ge-
nome sequence (GRCh38_p13) using hisat version 2.1.0, in com-
bination with Bowtie 2 version 2.2.3. Fragments per kilobase of 
exon per million mapped fragments (FPKM) were calculated 
using Cufflinks version 2.2.1. Raw data have been deposited in 
the NCBI Gene Expression Omnibus database (GSE305211). The 
numerical data used for analysis are filed in Tables S3 and S4.

2.3   |   Public Data Analysis of Bulk RNA-Seq

Bulk RNA-Seq datasets were downloaded from the GEO data-
sets GSE126698 [14] and PRJEB11591 [15]; CA12 expression 
levels were compared between FTC, FA, and adjacent normal 
tissue.

2.4   |   Cell Culture and Chemicals

Thyroid carcinoma cell lines FTC133, FTC238, and RO82-W-1 
were purchased from The European Collection of Authenticated 
Cell Cultures (ECACC), T32, T41, and T85 from American Type 
Culture Collection (ATCC), and H8505C and IHH4 from Health 
Science Research Resources Bank (Osaka, Japan). All cell 
lines were cultured in DMEM/Ham's F-12 (08460-95, Nacalai 
Tesque) containing 10% fetal bovine serum (FBS) (35-010-CV, 
Corning) and 100 IU/mL penicillin (22-18132, FUJIFILM Wako 
Pure Chemical), and 100 μg/mL streptomycin (194-08512, 
Nacalai Tesque). They were maintained at 37°C in 5% CO2. 
Chemicals used in this study were as follows: U104 (HY-13513, 
MedChemExpress), Lenvatinib (S1164, SelleckChem), which 
were dissolved in DMSO with the final concentration of DMSO 
in culture medium not exceeding 0.1%.

2.5   |   CA12-Knockdown FTC Cells Generation 
Using Short Hairpin RNA (shRNA)

We constructed CA12-knockdown cells using two types of shRNA: 
MISSION shRNA #1 (catalog TRCN0000116249, target sequence: 
C​CGG​GTG​ATA​ACA​AGG​GAG​TCA​TTT​CTC​GAG​AAA​TGA​
CTC​CCT​TGTTATCACTTTTTG, referred to as “CA12-KD#1”) 
and MISSION shRNA #2 (catalog TRCN0000116250, target 
sequence: C​CGG​CCA​TTA​TAA​CTC​AGA​CCT​TTA​CTC​GAG​
TAA​AGG​TCT​GAG​TTATAATGGTTTTTG, referred to as 
“CA12-KD#2”) (Merck). Lentivirus encoding shRNA targeting 

 13497006, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.70248 by T

he U
niversity O

f O
saka, W

iley O
nline L

ibrary on [17/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3Cancer Science, 2025

CA12 was produced using Lenti-X 293 T cells (632180, Takara, 
Shiga, Japan). We mixed Lentiviral High Titer Packaging Mix 
(6194, Takara), Opti-MEM (31985062, Thermo Fisher Scientific), 
and TransIT-293 Transfection Reagent (MIR2705, Takara). The 
Lenti-X 293 T cells were then transfected, and the supernatant 
medium was collected after 48 h and filtered through a 0.22-μm 
filter. After introducing lentivirus using supernatant, puromycin 
selection was performed for 5 days to isolate transfected clones, 
and stable CA12-knockdown thyroid follicular cells (FTC133, 
FTC238) were constructed.

2.6   |   Generation of CA12 Knockdown-Rescue FTC 
Cells Using Lentiviral Vector Plasmid

Lentiviral production of the following vectors was carried 
out according to the lentiviral production method above, 
using lentiviral vector plasmids, pLV[Exp]-EGFP-EF1A 
> hCA12[NM_001218.5] (VB-1312ftg, Vector Builder), pLV-
EGFP-EF1A > ORF stuffer (referred to as “NV”) (VB900124-
3812qdj, Vector Builder) purchased from Vector Builder 
(Chicago, IL, USA).

2.7   |   Antibodies

The primary antibody used was anti-CA12 (CL0278, 
AMAb90637, Atlas Antibodies). Anti-ACTB antibody (1:1000, 
5125, Cell Signaling Technology) was used as a loading control. 
For immunohistochemistry (IHC), the anti-CA12 antibody was 
used at a dilution of 1:1600. The secondary antibody for IHC was 
EnVision+/HRP, Mouse, Immunohistochemistry Visualization 
(K4001, DAKO). For Western blotting, the anti-CA12 and anti-
ACTB antibodies were used at a dilution of 1:1000. Horseradish 
peroxidase (HRP)-conjugated secondary antibodies used were 
Anti-Rabbit IgG (H + L), pAb-HRP (1:1000, 458, MBL), and 
Anti-Mouse IgG (H + L), pAb-HRP (1:1000, 330, MBL).

2.8   |   RNA Extraction and RT-qPCR Analysis

Total RNA was extracted from cultured FTC cells using RNAiso 
Plus (9109, Takara). A quantity of 1000 ng of total RNA was con-
verted to complementary DNA (cDNA) using the SuperScript 
III First-Strand Synthesis System (18080051, Thermo Fisher 
Scientific), following the manufacturer's instructions. Reverse 
Transcription quantitative Polymerase Chain Reaction (RT-
qPCR) assays were performed using TaqMan Fast Advanced 
Master Mix (4444965, Thermo Fisher Scientific) on the 
StepOnePlus System (Thermo Fisher Scientific). TaqMan probes 
of each target were as follows: CA12 (Hs01080909_m1, 4331182, 
Thermo Fisher Scientific), MMP2 (Hs01548727_m1, 4331182, 
Thermo Fisher Scientific), ACTB (Hs99999903_m1, 4331182, 
Thermo Fisher Scientific). The ACTB housekeeping gene was 
used for normalization.

2.9   |   IHC Staining

FFPE tissues were cut at a thickness of 4 μm, deparaffin-
ized in xylene, and then rehydrated through graded ethanol 

solutions. They were subsequently rinsed in water. IHC stain-
ing was performed using the Dako Autostainer Link 48 (Agilent 
Technologies), following the manufacturer's instructions. The 
slides were incubated with the primary antibody for 30 min, 
followed by the secondary antibody for 20 min. Signals were de-
tected by staining with DAB (DM803 + DM827/K8023, DAKO) 
for 10 min, followed by counterstaining with hematoxylin.

2.10   |   Scoring of IHC Staining

Stained slides were scanned and photographed at 20× magni-
fication using a NanoZoomer 2.0-HT (Hamamatsu Photonics). 
Whole-slide images were analyzed using HALO v3.5 software 
(Indica Labs). The expression scores for CA12 were calculated 
using the H score of the software. The H score was calculated 
using the following formula: (% tumor cells of strong positive) 
× 3 + (% tumor cells of moderate positive) × 2 + (% tumor cells of 
weak positive) × 1.

2.11   |   Western Blotting

Dish-seeded cells were collected using 0.25% Trypsin (32777-
44, Nacalai Tesque) and washed twice with phosphate-buffered 
saline (PBS). The cells were lysed in lysis buffer [1% NP-40 
(25223-04, Nacalai Tesque), 20 mM Tris–HCl, 150 mM NaCl, 
and 1 mM EDTA] containing PhosSTOP (4906837001, Roche) 
and cOmplete Protease Inhibitor Cocktail (04693159001, Roche) 
and were sonicated for 10 s. The cells were then centrifuged 
at 13,000 rpm for 10 min. After collecting the supernatant, an 
equal volume of 2× sodium dodecyl sulfate (SDS) buffer (7% SDS, 
140 mM Tris–HCl, 20% glycerol, 0.01% bromophenol blue, and 
10% 2-mercaptoethanol) was added. Protein samples were then 
heated at 98°C for 5 min. Electrophoresis was performed on 5%–
20% gradient SDS-polyacrylamide gels (ATTO, Tokyo, Japan). 
Proteins were transferred to polyvinylidene fluoride membranes 
using a semi-dry fashion. Membranes were then incubated with 
primary antibodies (as detailed in Section 2.7) for 1 h, followed by 
the indicated appropriate HRP-conjugated secondary antibodies 
(as detailed in Section  2.7) for 30 min. The HRP signals were 
visualized with Chemi-Lumi One Super reagents (02230–30, 
Nacalai Tesque). Images were acquired using an imaging system 
(ChemiDoc Touch, Bio-Rad, Hercules, CA, USA).

2.12   |   Proliferation Assay

FTC cells were seeded at 3000 cells per well in a 96-well 
plate (Greiner Bio-One). Cell numbers were monitored at 0, 
2, and 4 days using the Cell Counting Kit-8 (TN654, Dojindo 
Laboratories), following the manufacturer's instructions. 
The absorbance at 450 nm was measured using an SH-9000 
Lab microplate reader (Hitachi, Tokyo, Japan) after 60 min of 
incubation.

2.13   |   Matrigel Invasion Assay

Tumor cell invasion was performed using a Corning BioCoat 
Matrigel Invasion Chamber (Corning Inc.). Tumor cells were 
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FIGURE 1    |     Legend on next page.
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seeded at 1 × 105 cells in the upper chamber of FBS-free DMEM 
and incubated at 37°C for 24 h. The lower chamber contained 
DMEM with 10% FBS. Infiltrating cells were stained with Diff-
Quik (Sysmex). The number of infiltrating cells was counted in 
5 random fields per chamber at high magnification.

2.14   |   Wound-Healing Assay

FTC cells were seeded in 12-well plates and incubated until con-
fluent. A scratch was applied across the well using sterile 200 
μL pipette tips (Watson, Tokyo, Japan). Migration distance was 
calculated by subtracting the 12-h wound width from the 0-h 
wound width.

2.15   |   Preparation of Cell Blocks for FTC133 Cells

FTC133 cells were fixed in 10% formaldehyde neutral buffer 
solution for 2 days and then washed with PBS, centrifuged, and 
pre-embedded in agarose gel (5003, Takara), before undergoing 
paraffin embedding with the same method used for tissue sam-
ple processing.

2.16   |   Statistical Analysis

Statistical differences were evaluated using JMP Pro software 
version 17.0 (SAS Institute) and GraphPad Prism 10. OS and 
DFS rates were analyzed using a Kaplan–Meier curve and log-
rank test using JMP Pro software version 17.0. Multivariate 
analysis was based on the Cox proportional hazards method 
using GraphPad Prism 10. The Volcano Plot for differen-
tial gene expression was generated using iDEP (Integrated 
Differential Expression Analysis Platform) version 0.96 [16]. 
Unless otherwise stated, results are expressed as the mean ± 
SD of triplicate replicates. p < 0.05 was considered statistically 
significant.

3   |   Results

3.1   |   CA12 mRNA Is Highly Expressed in 
FTC Cases

The flowchart illustrating the search for candidate genes related 
to FTC aggressiveness is shown in Figure 1A. We enrolled eight 
cases of high-risk FTC and identified 35 differentially expressed 
genes (DEGs) using RNA-seq that were highly expressed in both 

primary and distant metastatic sites compared to the adjacent 
normal thyroid tissues (Figure 1B). Tumor-enriched DEGs were 
ranked by their p value in the comparison between primary tu-
mors and normal thyroid tissues (Figure 1C). The top five DEGs 
(CA12, TAFA2, LINC02555, FRMD3, and IGSF1) are labeled in 
the volcano plots (Figure  1D,E). Among the tumor-enriched 
DEGs, only CA12 showed consistently high expression in both the 
GSE126698 and PRJEB11591 datasets (Figure 1F). In the dataset 
PRJEB11591, including both carcinoma and adenoma, CA12 ex-
pression was significantly higher in FTC than in FA (Figure 1G).

3.2   |   CA12 Expression Is Higher in More 
Malignant Histopathological Subtypes of FTC

We immunohistochemically examined CA12 expression in 75 
cases (50 FTC and 25 FA cases). CA12 expression was detected 
in nearly all tumor cells, including those in the invasive area, 
but not in the adjacent normal thyroid cells on the IHC image 
of the representative WI FTC case (Figure  2A). We quanti-
fied CA12 expression using Head Alignment Optimization 
(HALO) software (Figure 2B). The H-score for CA12 expres-
sion was significantly higher in FTC cases than in FA cases 
(Figure  2C). Among the FTC subtypes, WI and EA showed 
significantly higher CA12 expression than MI (Figure  2D). 
Among FA, several cases showed high CA12 expression, but 
no significant histopathological differences were detected  
between high and low CA12 cases. IHC staining intensity  
for CA12 correlated with the degree of tumor malignancy 
across different histopathological types (Figure  2E). Table  1 
summarizes the association between CA12 expression levels 
and the clinicopathological features of FTC. In this study, the 
CA12 expression level correlated only with histopathological 
type, but not with other factors, such as age, sex, and tumor size.

3.3   |   High CA12 Expression Is an Independent 
Poor Prognostic Factor in FTC

CA12 expression was evaluated in 50 FTC cases (25 MI, 7 
EA, and 18 WI) using HALO (Figure 3A) and classified into 
high- and low-CA12 groups based on H scores (Figure  3B). 
The median H-score of 20 served as the cut-off value. There 
was no statistically significant difference in the overall sur-
vival (OS) rate (p = 0.11) (Figure 3C); however, the high-CA12 
group exhibited a lower disease-free survival (DFS) rate than 
the low-CA12 group (p = 0.026) (Figure  3D). Univariate and 
multivariate Cox regression analyses demonstrated that CA12 
and age were independent poor prognostic factors for DFS 

FIGURE 1    |    CA12 mRNA is upregulated in the FTC tissues of both primary and metastatic sites. (A) Workflow for identifying candidate genes. 
(B) Venn diagrams of DEGs identified by RNA-seq comparing primary sites vs. normal thyroid tissues and metastasis sites vs. normal thyroid tissues. 
The cutoff values were log2 FC > 1, p < 0.01. (C) The 35 highly expressed RNAs (tumor-enriched DEGs) in both primary and metastatic sites are list-
ed and ranked by their p value in comparison between primary tumors and normal thyroid tissues. (D, E) Volcano plots of DEGs between primary 
sites vs. normal thyroid tissues and metastasis sites vs. normal thyroid tissues. The top five tumor-enriched DEGs are labeled. (F) Venn diagrams of 
tumor-enriched DEGs and DEGs highly expressed in FTC by public bulk RNA-seq (GSE126698, PRJEB11591). The cutoff values were log2FC > 1, 
p < 0.05. (G) Relative CA12 mRNA expression in 25 FTC, 25 FA, and 18 adjacent normal thyroid tissues from the PRJEB11591 dataset. Asterisks in-
dicate significant differences as determined using Tukey's multiple comparisons test. *p < 0.05, ***p < 0.001, ns: Not significant. DEGs, differentially 
expressed genes; CA12, carbonic anhydrase 12; FTC, follicular thyroid carcinoma.
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FIGURE 2    |     Legend on next page.
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in patients with FTC (Figure 3E). Furthermore, CA12 levels 
were significantly higher in patients with metastases than in 
those without (Figure 3F).

3.4   |   CA12 Altered Matrix Metalloproteinase-2 
(MMP-2) Expression and Regulated 
the Proliferation, Migration, and Invasion 
of FTC Cells

We evaluated CA12 expression in the following thyroid car-
cinoma cell lines: FTC133, FTC238, and RO82W1 (follicular); 

T32, T41, and T85 (papillary); and 8505C and IHH4 (anaplas-
tic), using reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) and western blotting. CA12 expression was 
higher in FTC cell lines, especially FTC133 and FTC238, than 
in anaplastic or papillary carcinoma cell lines (Figure 4A). To 
investigate the function of CA12, we used FTC133 and FTC238 
cells to downregulate CA12 by transfecting two CA12-specific 
shRNAs (shCA12-KD#1 and shCA12-KD#2). Transfection ef-
ficiency was examined using RT-qPCR and western blotting 
(Figure 4B). We also confirmed the knockdown of CA12 using 
FTC133 cell blocks (Figure  4C). CA12 silencing significantly 
reduced the proliferation of FTC cells (Figure  5A; **p < 0.01). 
Furthermore, CA12 knockdown reduced FTC cells' invasion 
and migration rates (Figure 5B,C; *p < 0.05, **p < 0.01). Next, we 
rescued CA12 expression in FTC-knockdown cells (Figure 6A) 
and found that invasion and proliferation were recovered by 
CA12 overexpression (Figure 6B,C). Because MMPs are known 
to be responsible for invasion, we next examined the relation-
ship between CA12 and MMPs. Using the CCLE-Broad-MIT 
database on the CellMiner web application (https://​disco​ver.​nci.​
nih.​gov/​cellm​inerc​db/​), we found that MMP2 correlated with 
CA12 (Pearson correlation (r) = 0.84, p = 0.0006; Figure  6D). 
The raw data are summarized in Table  S5. CA12 knockdown 
significantly reduced MMP2, which was restored by the overex-
pression of CA12 (Figure 6E).

3.5   |   CA12 Inhibitor U104 Reduced FTC Cell 
Proliferation and Enhanced the Effect of Lenvatinib

We investigated the pharmacological effects of the CA12 inhib-
itor U104 on FTC cells. Treatment with U104 reduced FTC133 
growth in a dose-dependent manner (Figure  7A). Lenvatinib, 
a multi-targeted tyrosine kinase inhibitor used as a standard 
treatment for metastatic FTC [17], also inhibited FTC133 prolif-
eration (Figure 7B). Although U104 (50 μM) or lenvatinib (5 μM) 
alone did not significantly affect FTC133 proliferation, their 
combination significantly inhibited proliferation (Figure  7C). 
These findings suggest that CA12 is a potential therapeutic tar-
get for high-risk FTC.

4   |   Discussion

FTC is generally associated with a favorable prognosis; however, 
a subset shows poor outcomes and frequent distant metastases 
[18]. Novel prognostic markers to distinguish high-risk FTC 
would help prevent the overtreatment of patients, as surgical 
resection is typically performed for all FTC cases, including in-
dolent ones [12]. Such biomarkers may also serve as potential 

FIGURE 2    |    CA12 is more highly expressed in FTC than in FA and is strongly stained in more malignant histopathological subtypes in FTC. (A) 
Representative WI FTC images: HE staining (top) and CA12 IHC (bottom). Red arrows indicate the invasion areas outside the capsule. Scale bars: 
1 mm. (B) Zoomed IHC images of the tumor and the normal site (left), and zoomed virtual composite images after HALO software analysis of the 
tumor and the normal site (right) are shown. Scale bars: 100 μm. (C, D) Bar graphs of H scores comparing FTC, FA, and normal thyroid tissue (C) and 
comparing FTC histopathological subtypes (D). Asterisks indicate significant differences as determined using Tukey's multiple comparisons test. 
(E) The CA12 IHC images of the median case of each histopathological subtype. Scale bars = 100 μm. *p < 0.05, **p < 0.01, ns: Not significant. CA12, 
carbonic anhydrase 12; EA, encapsulated angioinvasive; FTC, follicular thyroid carcinoma; IHC, immunohistochemistry; MI, minimally invasive; 
WI, widely invasive.

TABLE 1    |    Correlation between CA12 and clinicopathological 
parameters.

CA12

Parameters High Low p

Age

< 55 27 13 14

≥ 55 23 12 11 1

Sex

Female 38 19 19

Male 12 6 6 1

Pathology

MI 25 7 18

EA or WI 25 18 7 0.004

T stage

pT1 or pT2 32 21 17

pT3 12 4 8 0.32

Lymph metastasis at diagnosis

N+ 0 0 0

N− 50 25 25 N/A

Distant metastasis at diagnosis

M+ 4 4 0

M− 46 21 25 0.11

Ki67

< 5% 34 16 18

≥ 5% 16 9 7 0.76
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FIGURE 3    |     Legend on next page.
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FIGURE 3    |    CA12 is an independent poor prognostic factor in FTC. (A) Representative CA12 IHC images of FTC samples in the high-CA12 and 
low-CA12 groups. Zoomed CA12 IHC images top and composite images analyzed with HALO software (bottom) are shown. Scale bars = 1 mm in 
upper panels, 100 μm in lower panels. (B) Plots of CA12 expression in FTC cases (n = 50). The median served as the cutoff value. (C, D) Kaplan–Meier 
curves for overall survival (C) and disease-free survival (D) in the high- (n = 25) and low-CA12 (n = 25) groups. p values were determined by the log-
rank test (p = 0.11 for OS and p = 0.026 for DFS). (E) Forest plots of univariate and multivariate Cox regression analyses of CA12 expression and clin-
ical features. p-values were determined by the Cox proportional hazards method. (F) Bar graph of CA12 expression in the metastasis group (n = 10) 
and the non-metastasis group (n = 40). *p < 0.05. Asterisks indicate significant differences as determined using Student's t-test. CA12, carbonic an-
hydrase 12; FTC, follicular thyroid carcinoma; IHC, immunohistochemistry.

FIGURE 4    |     Legend on next page.
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FIGURE 5    |    CA12 regulates the proliferation, migration, and invasion of FTC cells. (A) Cell proliferation assay using CCK8. (B) Matrigel invasion 
assay. Representative images of infiltrating cells are shown. Infiltrating cells were counted in five random fields per well and plotted. (C) Wound-
healing assay. Migration distance was calculated by subtracting the 12-h wound width from the 0-h wound width. Asterisks indicate significant dif-
ferences (Student's t-test): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CA12, carbonic anhydrase 12; FTC, follicular thyroid carcinoma.

FIGURE 4    |    Generation of CA12 knockdown FTC133 and FTC238 cells. CA12 knockdown cells were generated using shRNA vectors. (A) Analysis 
of CA12 expression in thyroid carcinoma cell lines by RT-qPCR (top) and western blotting (bottom). CA12 was more highly expressed in thyroid fol-
licular cancer cell lines, especially FTC133 and FTC238, than in anaplastic or papillary carcinoma cell lines. (B) Confirmation of CA12 knockdown 
(KD) in FTC133 and FTC238 cells (CA12-KD#1 and CA12-KD#2) by RT-qPCR and western blotting. (C) CA12 IHC images of the FTC133 cells (NV, 
CA12-KD#1, and CA12-KD #2). CA12, carbonic anhydrase 12; FTC, follicular thyroid carcinoma; IHC, immunohistochemistry; RT-qPCR, reverse 
transcription quantitative polymerase chain reaction.
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therapeutic targets for metastatic FTC. The MI subtype of FTC 
has been studied using bulk RNA-seq or spatial transcriptomics 
[15, 19, 20], whereas highly aggressive subtypes, such as WI and 
metastatic lesions, remain less well investigated. In this study, 

we analyzed both primary and metastatic sites from highly ag-
gressive FTC cases to identify therapeutic targets for metastasis. 
We identified CA12 as a novel candidate prognostic marker and 
therapeutic target for FTC with metastasis.

FIGURE 6    |    CA12 rescue restores FTC cell invasion and proliferation, and regulates MMP2 expression. (A) Validation of rescued CA12 expression 
in FTC133 cells, confirmed by RT-qPCR (left) and western blotting (right). (B) Cell proliferation assay. (C) Matrigel invasion assay. Representative 
images of infiltrating cells are shown. Infiltrating cells were counted in five random fields per well and plotted. (D) Correlation between CA12 
and MMP2 mRNA in thyroid cancer cell lines. (E) Bar graph showing CA12 mRNA (top) and MMP2 mRNA (bottom) expression in knockdown 
and rescue cells in FTC133 (left) and FTC238 (right). Asterisks indicate significant differences (Student's t-test): *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. CA12, carbonic anhydrase 12; FTC, follicular thyroid carcinoma; MMP, matrix metalloproteinase.
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CA belongs to a superfamily of metalloenzymes that catalyze 
the conversion of CO2 to bicarbonate and protons. Humans pos-
sess 15 CA isoforms, categorized by their cellular localization. 
CA12 is located on the cell membrane and plays a role in pH reg-
ulation [13]. Although CA12 expression is reportedly elevated 
in several malignancies [21], our study is the first to perform 
an IHC analysis of CA12 in FTC. CA12 expression was signifi-
cantly higher in FTC than in FA. MI FTC is associated with a 
favorable long-term prognosis and low recurrence and metasta-
sis rate [22, 23]. We found that the MI subtype exhibited lower 
CA12 expression compared to other aggressive histopatholog-
ical subtypes, such as the WI and EA subtypes. Furthermore, 
by stratifying the 50 FTC cases into CA12-high and CA12-low 
groups, we demonstrated that elevated CA12 expression was as-
sociated with poorer DFS. Notably, multivariate analysis identi-
fied high CA12 expression as an independent prognostic factor 
for DFS, exceeding the predictive value of histopathological 
type and tumor size. Current guidelines recommend stratifying 

therapy based on postoperative histopathological type [4]; how-
ever, CA12 expression may provide a more useful marker for 
treatment decisions.

The observation of high CA12 expression among FA cases is 
suggestive of a latent malignant potential leading to future pro-
gression to FTC. HE staining is insufficient to identify FA with 
malignant potential; however, CA12 immunostaining may serve 
as a crucial molecular tool to reveal this latent malignant risk. 
To verify clinical utility, further research would be necessary. 
For example, the long-term follow-up of numerous FA cases 
would reveal whether high CA12 expression predicts recurrence 
or metastasis, which is evidence of malignant potential.

We investigated the role of CA12 in vitro. CA12 was expressed 
in FTC cell lines (FTC133 and FTC238), but not in other thy-
roid cancer cell lines. Previous studies reported that CA12 con-
tributes to the malignancy of various cancer types, including 

FIGURE 7    |    CA12 inhibitor U104 and its combination with lenvatinib inhibit FTC cell proliferation. (A, B) Cell proliferation assays showing the 
dose-dependent effects of U104 (A) and lenvatinib (B) on FTC133 cells. (C) Synergistic effects of combining U104 and lenvatinib on FTC133 cell 
proliferation. Asterisks indicate significant differences (Student's t-test): **p < 0.01, ***p < 0.001, ****p < 0.0001. CA12, carbonic anhydrase 12; FTC, 
follicular thyroid carcinoma.
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breast cancer [24, 25], melanoma [26], and brain cancer [27]. 
Consistent with previous studies, our results showed that CA12 
knockdown significantly suppressed the proliferation, invasion, 
and migration of FTC. Restoring CA12 expression rescued the 
proliferation and invasion of FTC133 cells. Notably, our data re-
vealed a positive correlation between CA12 and MMP2 expres-
sion in thyroid carcinoma cell lines. MMP2, a member of the 
gelatinase subgroup of matrix metalloproteinases, plays a crit-
ical role in the degradation of the extracellular matrix (ECM) 
[28]. Its expression is higher in FTC than FA [29–31] and cor-
relates with poor prognosis [31, 32]. It promotes tumor invasion 
and metastasis by degrading ECM components, enabling cancer 
cells to spread and promoting angiogenesis [33]. We found that 
CA12 knockdown decreased MMP2 expression, whereas CA12 
rescue restored it. Given the function of MMP2 in promoting 
FTC cell invasion [34–36], CA12 may promote FTC invasion by 
positively regulating MMP2 expression.

We investigated the pharmacological effects of CA12 inhibition 
in  vitro. Various CA inhibitors that target metabolism and the 
tumor microenvironment have been developed [13]. One of these, 
ureido-substituted benzenesulfonamides, showed antimetastatic 
activity in a model of breast cancer metastasis and is thought to 
be a candidate for the development of a novel antimetastatic drug 
[37]. Therefore, we investigated the effects of the CA12 inhibitor 
U104, a ureido-substituted benzenesulfonamide. U104 inhibits 
tumor growth in various cancer types [38–40]. U104 has already 
passed a phase I clinical trial in patients with advanced solid 
tumors [41]. Consistent with previous reports, we observed that 
U104 inhibited FTC133 cell proliferation in a dose-dependent 
manner. Furthermore, our findings demonstrate that U104 en-
hances the therapeutic efficacy of lenvatinib, a molecularly tar-
geted agent used to treat metastatic FTC. A combination trial of 
U104 and gemcitabine has been initiated in patients with meta-
static pancreatic ductal carcinoma (NCT03450018). In our study, 
U104 inhibited FTC133 proliferation in a dose-dependent man-
ner and enhanced the therapeutic efficacy of low-dose lenvati-
nib. Although lenvatinib is used to treat metastatic FTC, adverse 
events, such as hypertension and proteinuria, restrict the use of 
the standard dose [17]. Thus, combination therapy with U104 and 
lenvatinib may represent a novel treatment for metastatic FTC.

Although this study identified CA12 expression as a potential 
biomarker using RNA-seq analysis on FTC, its limitations 
warrant further consideration. Due to the limited sample 
size of 50 cases, no significant difference in OS rate was ob-
served. Future studies require validation with a larger number 
of cases.
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